Background {#Sec1}
==========

The decision whether or not to transfuse an anemic patient is a considerable challenge in the intensive care unit (ICU) and should always consider the balance between the risks of anemia and the potential harms of red blood cell (RBC) transfusion in that patient. In critically ill patients, global oxygen consumption (VO~2~) is often increased, so that anemia can lead to impaired tissue oxygenation and contribute to adverse outcomes, including failed weaning from mechanical ventilation \[[@CR1]\], acute kidney injury (AKI) \[[@CR2]\], and increased mortality \[[@CR3], [@CR4]\]. However, transfusions are also associated with well-described risks, including transfusion-transmitted infections, transfusion-related acute lung injury (TRALI), transfusion-associated circulatory overload (TACO), and acquired immunosuppression \[[@CR5], [@CR6]\].

More than one fourth of critically ill patients receive a transfusion during their ICU stay \[[@CR7]\], with the primary aim to increase global oxygen delivery (DO~2~) and decrease the DO~2~ to VO~2~ ratio \[[@CR8], [@CR9]\]. Clinical guidelines recommend a restrictive RBC transfusion strategy, i.e., transfusions limited to patients with a hemoglobin (Hb) concentration \< 7 g/dL \[[@CR10]\]. Of note, the guideline recommendations only refer to clinically stable intensive care patients, and there is still equipoise around the optimal transfusion strategy in several subgroups of patients. For example, a higher threshold of 8 or even 9 g/dL may be considered in patients with pre-existing cardiovascular disease \[[@CR10]\]. The guidelines are based on results from several randomized clinical studies that showed that liberal transfusion strategies (keeping Hb \> 9--10 g/dL) provided no clinical benefit in different populations when compared to a restrictive strategy \[[@CR11]--[@CR14]\]. However, the decision to transfuse should not be based only on Hb concentration \[[@CR15], [@CR16]\], because the optimal DO~2~ can differ from one patient to another \[[@CR17]\] and over time in any one patient. These elements have resulted in considerable variability in worldwide transfusion practice, with the average Hb concentrations used to initiate transfusions higher than those recommended \[[@CR7]\].

It has been suggested that mixed venous oxygen saturation (SvO~2~), which reflects the balance between VO~2~ and DO~2~, could be a valuable guide for transfusion in critically ill patients \[[@CR18]\]. We hypothesized that patients with a greater arterial-venous oxygen difference (A-V O~2diff~), a surrogate for the ratio between DO~2~ and VO~2~, may benefit more from RBC transfusion than patients with lower A-V O~2diff~, who may benefit from avoiding transfusion. The aim of this observational study was therefore to evaluate whether "appropriate" RBC transfusions, as defined using the A-V O~2diff~, may be associated with reduced mortality rates and severity of organ dysfunction in non-acutely bleeding critically ill patients.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

This prospective observational study was conducted in the Department of Intensive Care at the University Hospital of Ferrara (Italy) from 1 January 2017 to 1 October 2018. The study was approved by the local ethics committee (protocol number 160699, date of approval 14 July 2016). We included non-bleeding adult patients who had a Hb concentration between 7.0 and 10.0 g/dL within 72 h after admission to the ICU. All patients with a Hb concentration within the target range (7.0--10.0 g/dL) were included, regardless of whether or not a transfusion was given. Exclusion criteria were as follows: age \< 18 years, acute bleeding, pregnancy, and no central venous catheter or central venous catheter placed in a femoral vein. Patients who were readmitted during the study period were not included a second time. Written informed consent was given by the patient or their next of kin. The manuscript is reported according to the STROBE criteria \[[@CR19]\].

Transfusion policy {#Sec4}
------------------

The decision to transfuse was made by the physician in charge of the patient according to our local transfusion policy, which includes \[[@CR20]--[@CR22]\] the following: Hb target of 7--10 g/dLA clinical decision that transfusion is appropriate, in addition to the Hb concentrationA single-unit transfusion strategyA "first-in, first-out" policy (the oldest units are used first), to minimize blood wastage

RBC packs transfused during the study period were stored in saline, adenine, glucose, mannitol (SAGM) additive solution for up to 42 days at a mean temperature of 4 ± 2 °C. The RBC units were all leuko-reduced, according to the policy of our hospital during the study period. Characteristics of the RBC units used (i.e., days of storage, characteristics of donor) were not recorded.

Definitions {#Sec5}
-----------

Chronic anemia was defined based on a known history of anemia and/or a decreased hematocrit (Hct) and Hb concentration on previous laboratory tests \[[@CR23]\]. AKI was defined according to the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines as an increase in serum creatinine of 0.3 mg/dL within 48 h, an increase in serum creatinine to 1.5 times the baseline value present within the previous 7 days, or urine volume \< 0.5 mL/kg/h for 6 h \[[@CR24]\]. Chronic renal disease was defined according to the same KDIGO guidelines \[[@CR24]\].

Data collection {#Sec6}
---------------

The Simplified Acute Physiology Score (SAPS) was recorded on admission. Demographic data and clinical variables, including heart rate, arterial pressure Glasgow coma scale score, and the Richmond Agitation-Sedation Scale, were recorded at the time of study inclusion (i.e., the first point at which the Hb concentration was measured as being between 7.0 and 10.0 g/dL). The Sequential Organ Failure Assessment (SOFA) score was calculated at the time of study inclusion and on the subsequent 5 days. Results of routine arterial and central venous blood sampling for blood gas analysis (GEM Premier™ 4000, Werfen, Le Pré-Saint-Gervais, France) and hematologic variables (Sysmex K-1000 auto-analyzer, Block Scientific, Bohemia, NY, USA) were recorded at the time of study inclusion. Decisions to transfuse on the day of study inclusion were also noted. Hb concentrations were measured at least daily as part of the routine practice and recorded 5 days after study inclusion. The number of RBC units given was also recorded for the first 5 days after study inclusion.

The A-V O~2diff~ was calculated on the day of study inclusion as the difference between arterial oxygen content (CaO~2~) and central venous oxygen content (CcvO~2~) where: $$\documentclass[12pt]{minimal}
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We also calculated the oxygen extraction ratio (O~2~ER), defined as \[(CaO~2~ − CcvO~2~)/CaO~2~\]. Using the median A-V O~2diff~ of our patients as the cutoff, we retrospectively categorized patients as having high A-V O~2diff~ (greater than the median value) or low A-V O~2diff~ (less than or equal to the median value). We then grouped patients into those who had been managed using an "appropriate" (transfused if A-V O~2diff~ was high, not transfused if A-V O~2diff~ was low) or an "inappropriate" (transfused if A-V O~2diff~ was low, not transfused if A-V O~2diff~ was high) transfusion strategy (Supplemental Figure [S1](#MOESM1){ref-type="media"}). A patient was considered "non-transfused" if he/she did not receive RBC units on the day of study inclusion.

Treating physicians were not blinded to the A-V O~2diff~ results, but were not supposed to use them to influence decisions to transfuse.

Outcomes {#Sec7}
--------

The primary outcome of the study was 90-day mortality. Secondary outcomes were the occurrence of AKI, the ICU length of stay, the mechanical ventilation- and vasopressor-free days over the 28 days post-study inclusion, the time course of organ dysfunction as assessed by the SOFA score over the 5 days post-study inclusion (the worst daily value was recorded for analysis), and the daily Hb concentrations.

Sample size {#Sec8}
-----------

The sample size was calculated from a pilot study, presented as a congress abstract \[[@CR25]\], in which the ratio of "appropriate" to "inappropriate" transfusion strategy was 1.38, with a mortality of 35% in the "inappropriate" group and 17% in the "appropriate" group. We therefore calculated that 148 patients should be enrolled to have 80% power to detect an 18% difference in 90-day mortality between the groups with an alfa error of 5%. Taking into account up to 20% loss to follow-up and a variation in the "appropriate"/"inappropriate" transfusion ratio, we planned to enroll at least 175 patients.

Statistical analysis {#Sec9}
--------------------

Normal distribution of data was tested using the Shapiro--Wilk normality test. Data are reported as mean ± standard deviation or median \[interquartile range\] when appropriate. Unpaired Student's *t* tests or Mann--Whitney *U* tests were used for data with normal and non-normal distributions, respectively. ROC curves were used to analyze the ability of A-V O~2diff~ to predict 90-day mortality in each group. Optimal cutoff scores for A-V O~2diff~ were determined using Youden's index. Differences in repeated measurements in the two groups were analyzed using repeated measure ANOVA or Friedman's rank analysis for normally and not normally distributed variables, respectively. When multiple comparisons were made, *p* values were adjusted using the Bonferroni post hoc procedure. Mortality was also analyzed by quartiles of A-V O~2diff~ in the "appropriate" and "inappropriate" groups. Multivariable logistic regression models were performed to investigate predictors of mortality; we included as covariates in the model all variables with *p* ≤ 0.10 at univariate analysis. Finally, a Cox proportional hazard regression model was used to obtain hazard ratios (HRs) for 90-day mortality. The analysis of ICU length of stay was only performed on patients discharged alive.

Four post hoc analyses were also performed. The first was to describe the time course of non-renal SOFA score over the first 5 days after study inclusion. The second was to identify the A-V O~2diff~ cutoffs that were the best predictors of mortality in the whole population and in transfused and non-transfused patients. The third was to compare the results obtained using the A-V O~2diff~ as a physiological marker of an "appropriate" strategy with those obtained using ScvO~2~ and O~2~ER as other oxygen-derived parameters. For this purpose, the area under the A-V O~2diff~ receiver operating characteristic (AUROC) curve for 90-day mortality was compared with the AUROCs for ScvO~2~ and O~2~ER, using the median ScvO~2~ and O~2~ER values to define ScvO~2~-based and O~2~ER-based "appropriate" and "inappropriate" strategies. Finally, for patients who had a Hb concentration ≤ 10 g/dL at any time during the first 5 days after study inclusion, we calculated whether the transfusion strategy was "appropriate" or not on each day. We compared the rates of "appropriate" transfusion strategy in survivors and non-survivors, and mortality rates in patients in whom all transfusions were "appropriate" and all were "inappropriate."

A *p* value \< 0.05 was considered statistically significant. Statistical analyses were performed using SPSS Statistics for Windows, version 25.0 (IBM, Armonk, NY, USA).

Results {#Sec10}
=======

Study population {#Sec11}
----------------

During the study period, 212 patients were screened for eligibility; 177 met the inclusion criteria and were enrolled (Supplemental Figure [S2](#MOESM2){ref-type="media"}). The most common reasons for ICU admission were sepsis/septic shock (*n* = 58 \[33%\]) and respiratory failure (*n* = 50 \[28%\]) (Table [1](#Tab1){ref-type="table"}). Table 1Clinical and demographic characteristicsCharacteristicAll patients (*n* = 177)"Appropriate" strategy (*n* = 96)"Inappropriate" strategy (*n* = 81)*p* valueAge, years72 ± 1271 ± 1472 ± 100.73BMI, kg/m^2^28 ± 527 ± 429 ± 60.08SAPS II score at admission42 \[29--50\]42 \[30--48\]45 \[33--55\]0.06SOFA score at admission5 \[2--6\]5 \[3--6\]5 \[2--6\]0.81SOFA score at study inclusion5 \[3--7\]5 \[3--7\]5 \[3--7\]0.46RASS score at study inclusion− 1 \[− 2; 1\]− 2 \[− 2; 1\]− 1 \[− 2; 1\]0.33ICU days before study inclusion1 \[0--2\]1 \[0--2\]1 \[0--2\]0.91Transfused, *n* (%)95 (54)48 (50)47 (58)0.36Comorbidity Heart disease, *n* (%)102 (58)58 (60)44 (54)0.50 Hypertension, *n* (%)118 (67)62 (65)56 (69)0.63 Diabetes, *n* (%)53 (30)26 (27)27 (33)0.46 Chronic anemia, *n* (%)28 (16)15 (16)13 (16)0.99 COPD/asthma, *n* (%)30 (17)11 (11)19 (23)0.06 History of smoking, *n* (%)45 (26)25 (26)14 (17)0.22 Chronic renal disease, *n* (%)49 (28)22 (23)27 (33)0.22Reason for admission Sepsis/septic shock, *n* (%)58 (33)30 (31)28 (35)0.76 Respiratory failure, *n* (%)50 (28)30 (31)20 (25)0.42 Hypovolemic shock, *n* (%)28 (16)15 (16)13 (16)0.94 Cardiogenic shock, *n* (%)19 (11)6 (6)13 (16)0.06 Trauma, *n* (%)8 (4)4 (4)4 (5)0.80 Others13 (7)11 (11)3 (1)0.10Interventions on admission Mechanical ventilation, *n* (%)157 (88)88 (93)69 (85)0.18 Vasopressors, *n* (%)81 (46)47 (49)34 (42)0.40Laboratory values on inclusion Hemoglobin, g/dL8.7 ± 0.78.8 ± 0.68.6 ± 0.80.06 MCV, fL88 ± 990 ± 687 ± 110.07 RDW, %15.9 ± 3.015.4 ± 2.516.4 ± 3.30.02 Platelets, 10^3^/μL179 \[129--266\]178 \[132--282\]189 \[126--244\]0.72 INR1.27 ± 0.31.26 ± 0.31.32 ± 0.30.12 Creatinine, mg/dL1.09 \[0.89--2.01\]1.08 \[0.77--1.96\]1.10 \[0.98--2.40\]0.15 Bilirubin, mg/dL0.72 \[0.41--1.10\]0.85 \[0.45--1.00\]0.63 \[0.41--1.00\]0.26 Lactate, mmol/L1.6 \[1.1--2.0\]1.4 \[1.0--2.0\]2.0 \[1.2--2.0\]0.04 CaO~2~, mL12.4 ± 1.612.5 ± 1.112.2 ± 2.10.26 ScvO~2~, %71 ± 971 ± 1073 ± 90.16*BMI* body mass index, *SAPS* Simplified Acute Physiology Score, *RASS* Richmond Agitation-Sedation Scale, *COPD* chronic obstructive pulmonary disease, *RDW* red blood cell distribution width, *MCV* mean corpuscular volume, *INR* international normalized ratio, *CaO*~*2*~ arterial oxygen content, *ScvO*~*2*~ central venous oxygen saturation

The median A-V O~2diff~ of the whole population was 3.7 mL, and using this value, 96 patients (54%) were considered to have been managed using an "appropriate" transfusion strategy and 81 (46%) using an "inappropriate" strategy. The transfusion rates in the "appropriate" and "inappropriate" groups were 50% (48/96) and 58% (47/81), respectively (*p* = 0.36). The mean lowest Hb concentration before transfusion was 8.3 ± 0.7 (range 7.0--9.8) g/dL, and the mean first Hb after transfusion was 9.0 ± 0.7 g/dL (range 7.7--11.3). There were no significant differences in Hb concentrations between the groups during the study period (Supplemental Figure [S3](#MOESM3){ref-type="media"}). The CaO~2~ at study inclusion and the proportion of patients with a history of chronic anemia did not differ between the groups (Table [1](#Tab1){ref-type="table"}).

Ninety-day mortality {#Sec12}
--------------------

The 90-day mortality was 33% (59/177) and was similar in transfused and non-transfused patients (31/95 \[33%\] vs. 28/82 \[34%\]; *p* = 0.87). The RBC transfusion rate was not significantly different in survivors and non-survivors (Supplemental Table [1](#MOESM5){ref-type="media"}). Patients in the "appropriate" strategy group had a lower mortality rate than the other patients (23/96 \[24%\] vs. 36/81 \[44%\]; odds ratio \[OR\] = 0.39 \[95% CI 0.21--0.75\], *p* = 0.004); this was mainly evident in the patients who received a transfusion (8/48 \[17%\] vs. 23/47 \[49%\]; *p* = 0.001) (Fig. [1](#Fig1){ref-type="fig"}). The association between "appropriate" strategy and lower mortality rate was confirmed in a subgroup analysis taking into account different Hb levels (Online Supplement). Fig. 1Ninety-day mortality in transfused and non-transfused patients in each group

Higher SAPS II score, RBC distribution width (RDW) values, and lactate concentrations on admission were associated with higher 90-day mortality in univariate analysis, but these were not significant after multivariable adjustment (Table [2](#Tab2){ref-type="table"}). The use of an "appropriate" transfusion strategy was independently associated with lower 90-day mortality in a multivariable-adjusted Cox regression (HR 0.51 \[95% CI 0.30--0.89\], *p* = 0.01) (Table [2](#Tab2){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}). A-V O~2diff~ as a continuous variable was associated with 90-day mortality in non-transfused patients (OR = 1.50 \[95% CI 1.02--2.20\], *p* = 0.04); this association was confirmed in the multivariable analysis (Supplemental Table [2](#MOESM5){ref-type="media"}). Table 2Univariate and multivariable analyses with 90-day mortality as the dependent variableVariablesUnadjusted odds ratio*p* valueAdjusted odds ratio*p* valueAge, years1.02 \[0.98--1.03\]0.85BMI, kg/m^2^1.09 \[0.99--1.20\]0.73SAPS II1.02 \[1.00--1.05\]0.051.01 \[0.99--1.04\]0.39Transfused, *n* (%)0.93 \[0.49--1.74\]0.83"Appropriate" group0.39 \[0.21--0.75\]0.0040.48 \[0.25--0.92\]0.03SOFA score1.07 \[0.95--1.22\]0.26Comorbidity Heart disease, *n* (%)1.17 \[0.56--2.42\]0.57 Hypertension, *n* (%)1.18 \[0.55--2.55\]0.67 Diabetes, *n* (%)1.74 \[0.81--3.75\]0.16 COPD/asthma, *n* (%)0.61 \[0.23--1.65\]0.33 History of smoking, *n* (%)1.02 \[0.57--2.52\]0.98 Chronic renal disease, *n* (%)1.10 \[0.49--2.44\]0.81Laboratory values on inclusion Hemoglobin, g/dL1.16 \[0.74--1.81\]0.51 Platelets, 10^3^/μL0.99 \[0.99--1.01\]0.20 INR1.57 \[0.42--5.79\]0.49 RDW, %1.12 \[1.01--1.25\]0.041.11 \[0.99--1.24\]0.07 Creatinine, mg/dL1.03 \[0.92--1.29\]0.68 Bilirubin, mg/dL1.35 \[0.84--2.18\]0.21 Lactate, mmol/L1.36 \[1.04--1.78\]0.021.22 \[0.95--1.59\]0.12 PaO~2~/F~i~O~2~ ratio0.99 \[0.99--1.13\]0.62*BMI* body mass index, *SAPS* Simplified Acute Physiology Score, *COPD* chronic obstructive pulmonary disease, *RDW* red blood cell distribution width, *INR* international normalized ratio, *PaO*~*2*~ partial pressure of oxygen, *F*~*i*~*O*~*2*~ fraction of inspired oxygenFig. 2Cox regression analysis for 90-day mortality in the "appropriate" and "inappropriate" groups

In all non-transfused patients, mortality increased across increasing A-V O~2diff~ quartiles; in all transfused patients, mortality decreased over A-V O~2diff~ quartiles (Fig. [3](#Fig3){ref-type="fig"}). The ROC analysis showed that the A-V O~2diff~ was a moderate independent predictor of 90-day mortality in transfused (AUROC = 0.656, best cutoff = 3.6 mL) and non-transfused (AUROC = 0.630, best cutoff = 3.5 mL) patients. Fig. 3Ninety-day mortality in transfused and non-transfused patients according to quartiles of arterial-venous oxygen difference (A-V O~2diff~) and O~2~ extraction ratio

Secondary outcomes and post hoc analyses {#Sec13}
----------------------------------------

Fewer patients in the "appropriate" than in the "inappropriate" strategy group developed AKI (21/81 \[26%\] vs. 13/96 \[13%\]; *p* = 0.06) (Supplemental Table [3](#MOESM5){ref-type="media"}). The number of patients transfused during the first 5 days after study inclusion was similar in the two groups as was the median number of RBC units given (Supplemental Table [3](#MOESM5){ref-type="media"}). The SOFA score decreased more rapidly in patients managed with the "appropriate" strategy than in other patients (Supplemental Figure S4; *p* = 0.019). To avoid cross-interactions between the occurrence of AKI and the SOFA score evaluation, we also analyzed the non-renal SOFA scores, which gave similar results (*p* = 0.009 for comparison between "appropriate" and "inappropriate" strategies; data not shown).

Mortality prediction was better for A-V O~2diff~ than for ScvO~2~ (AUROC = 0.489 in transfused and AUROC = 0.440 in non-transfused) and O~2~ER (AUROC = 0.623 in transfused and AUROC = 0.619 in non-transfused). An O~2~ER-based "appropriate" strategy (using the median value of 29%) was also independently associated with a lower 90-day mortality (OR 0.44 \[95% CI 0.23--0.86\]; *p* = 0.02) (Supplemental Table [4](#MOESM5){ref-type="media"}), but a ScvO~2~-based "appropriate" strategy (using the median value of 71.5%) was not (OR 0.60 \[95% CI 0.32--1.13\]; *p* = 0.11).

When we divided the population using the best A-V O~2diff~ cutoffs for predicting mortality determined by ROC curve analysis (i.e., 3.6 mL in transfused and 3.5 mL in non-transfused patients) rather than the median value, we identified 94 patients who were "appropriately" transfused. There was a significant association between 90-day mortality and "appropriateness" of transfusion even when these cutoffs were used (HR 0.46 \[95% CI 0.27--0.77\]; *p* = 0.004).

During the first 5 days after study inclusion, 100 patients had a Hb concentration ≤ 10 g/dL on day 2, 97 patients on day 3, 64 on day 4, and 64 on day 5. During the study period, the transfusion strategy when the Hb was ≤ 10 g/dL was always "appropriate" in 76 of the patients and always "inappropriate" in 50 patients; the mortality rates were 20% (15/76) and 56% (28/50), respectively (*p* \< 0.001).

Discussion {#Sec14}
==========

The main result of this study is that the evaluation of the A-V O~2diff~ can identify critically ill patients who seem to benefit from RBC transfusion. Indeed, patients included in the "appropriate" transfusion group, defined according to the A-V O~2diff~ on study inclusion (i.e., transfused when the A-V O~2diff~ was \> 3.7 mL and not transfused when the A-V O~2diff~ was ≤ 3.7 mL), had lower 90-day mortality, and organ function improved more rapidly in those in the "inappropriate" group. Moreover, RBC transfusions in patients with an A-V O~2diff~ ≤ 3.7 mL ("inappropriate" strategy) were associated with higher mortality, raising the hypothesis that transfusion may have harmful effects in patients without impaired oxygen reserve; this finding should be a starting point for future studies investigating whether avoiding RBC transfusion in patients without impaired oxygen reserve may not only be cost-saving but also clinically relevant \[[@CR26]\].

Although some studies and many experts endorse the opinion that decisions to transfuse should not be based on Hb concentrations alone \[[@CR7], [@CR15], [@CR16], [@CR27]--[@CR30]\], the latest guidelines based their recommendations only on this variable, suggesting that the Hb should be kept \> 7 g/dL \[[@CR10]\]. However, there is an individual response to low Hb concentrations, and patients with less physiological reserve are more vulnerable to anemia \[[@CR15]\]. Differences in individual oxygen demand could partially explain the individual tolerance to anemia and, consequently, some of the conflicting results reported in the literature. A liberal transfusion strategy aimed at keeping Hb values \> 9 g/dL was recently shown to be superior to a restrictive strategy in critically ill oncologic patients \[[@CR31]\], and a recent clinical trial in vascular surgery suggested potential harm with a restrictive strategy, including lower cerebral tissue oxygenation and higher mortality rate \[[@CR32]\]. However, a liberal strategy was associated with greater mortality in younger ICU patients (\< 55 years) and those with an APACHE II score \< 20 \[[@CR28]\]. The A-V O~2diff~ may represent a good marker of a patient's oxygen reserve, influenced by the patient's comorbidities and oxygen demand. Indeed, we showed a reduction in mortality in the "appropriate" strategy group but no statistically significant difference in Hb level between the two groups; accordingly, within the same Hb range (7--10 g/dL), we observed great individual variability in the A-V O~2diff~.

The concept of a physiological transfusion trigger was introduced by Adamczyk et al., who proposed the use of ScvO~2~ as a tool to assess tolerance to anemia \[[@CR33]\]. These authors showed that, in patients undergoing general anesthesia, RBC transfusion could result in a 5% increase in SvO~2~ only when pre-transfusion ScvO~2~ values were \< 70%. We showed that basing the transfusion strategy on the difference between arterial and venous oxygen content, a physiological principle that reflects the balance between VO~2~ and DO~2~ can improve clinical outcomes. Additionally, we showed that the A-V O~2diff~ was a better prognostic factor than ScvO~2~, probably because the A-V O~2diff~ provides a more accurate estimation of the DO~2~ to VO~2~ ratio than does ScvO~2~ \[[@CR34]\]. In support of this hypothesis, we also showed that O~2~ER, another surrogate of the DO~2~ to VO~2~ ratio, could be used to identify the appropriateness of a transfusion strategy, with an O~2~ER-based "inappropriate" strategy being independently associated with higher mortality. These results have some physiological background: the A-V O~2diff~ has been shown to be more accurate than ScvO~2~ in predicting tissue hypoxia \[[@CR35]\]; further, the A-V O~2diff~ showed a strong inverse relationship with hemodilution \[[@CR36]\], a well-known cause of unnecessary transfusion, whereas ScvO~2~ did not \[[@CR37]\]. Finally, ScvO~2~ is considered a good estimator of oxygen extraction only when assuming that SaO~2~ = 1, but in hypoxemic patients, a low SaO~2~ can result in low ScvO~2~ values with normal A-V O~2diff~.

There was a trend towards more AKI with the "inappropriate" than with the "appropriate" strategy. Renal oxygen consumption is known to be high \[[@CR38]\], so this organ may be particularly sensitive to an imbalance between DO~2~ and VO~2~. Moreover, RBCs can have beneficial effects on renal microvascular oxygenation \[[@CR39]\]. Because the oxygen consumption of the kidney is so high, it is reasonable that an imbalance between DO~2~ and VO~2~ may affect this organ first. We also showed better organ function recovery in patients managed with an "appropriate" transfusion strategy, as shown by a more rapid decrease in SOFA score. RBC transfusions have a greater benefit in patients with severe organ failure, as reflected by a high SOFA score \[[@CR7]\], but the average SOFA score at study inclusion did not differ in our two groups of patients. Therefore, in the presence of high A-V O~2diff~, RBC transfusion may be beneficial regardless of the baseline SOFA score. When transfused, patients with a high A-V O~2diff~ may also benefit from some relief of the heart when cardiac function is compromised \[[@CR27]\]; of note, previous studies in animal models showed that treatments focused on improving myocardial VO~2~/efficiency were associated with improved ventricular function \[[@CR40]\]. We did not explore cardiac function well enough to be able to evaluate this effect.

Our study has some limitations. First, the observational design does not enable us to establish a cause-effect relationship, and we cannot exclude the possibility that other clinical variables could have contributed to the difference in mortality described; a prospective randomized study would be needed for this purpose, and this study should therefore be considered as hypothesis generating. Second, because of the lack of published data in this field, we chose to separate patients into two groups based on median values, rather than trying to generate an optimal cutoff value; however, the Youden index analysis showed that the "best" A-V O~2diff~ cutoff identified, a value we could potentially have used to interpret the data, was very similar to the median value. Furthermore, the post hoc analysis performed using the "best" A-V O~2diff~ cutoff seemed to confirm our results. Third, the lack of hemodynamic monitoring did not enable us to separately investigate patients with and without preload dependency. We also did not systematically assess the clinical signs of cardiac congestion and thus cannot compare the occurrence of heart failure in the two groups. Future studies should address the reproducibility of our results in different hemodynamic settings. In this connection, we cannot exclude that a transfusion algorithm which considers clinical variables other than oxygen consumption (hemodynamic setting, lactate, SOFA score, and others) would improve our results; however, our study was not designed, and not powered enough, to develop such clinical tool. Similarly, we defined the occurrence of AKI according to the KDIGO guidelines, without including measurement of markers of kidney injury, such as cystatin C or neutrophil gelatinase-associated lipocalin; the addition of more specific markers may have strengthened our findings. Fourth, a recent meta-analysis showed that RBC transfusion can decrease O~2~ER in critically ill patients \[[@CR41]\]. We did not systematically record A-V O~2diff~ and O~2~ER after transfusion and, therefore, cannot describe the A-V O~2diff~ and O~2~ER changes before and after RBC transfusion in the "appropriate" and "inappropriate" groups. In addition, although we showed a trend to an association of higher RDW values and mortality, as recently described \[[@CR42]\], this was not confirmed in the multivariable analysis; nonetheless, there is a complex relationship between RDW values, iron deficiency, and RBC transfusion \[[@CR43], [@CR44]\], and our study was not designed to investigate this issue. Fifth, A-V O~2diff~ measurement requires a correctly placed central venous catheter; although widely used in critically ill patients, the central venous catheter is not always available or not placed in the superior vena cava. Finally, our transfusion rate (54%) was higher than that described in other studies \[[@CR7]\], and we considered only patients who had a Hb concentration between 7.0 and 10.0 g/dL within 72 h after admission. External validation of our results and further analysis on patients with anemia later during the ICU stay are therefore needed.

Conclusions {#Sec15}
===========

In anemic, non-bleeding critically ill patients, transfusion may be associated with lower 90-day mortality and morbidity in patients with higher A-V O~2diff~. These results support the hypothesis that transfusion therapy should be individualized according to the oxygen reserve of the patient.
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**Additional file 1: Fig. S1.** Study definitions of "inappropriate" and "appropriate" transfusion strategies. **Additional file 2: Fig. S2.** Flowchart of the study. **Additional file 3; Fig. S3.** Daily changes in hemoglobin levels after study inclusion. Data are shown as mean ± standard deviation. **Additional file 4: Fig. S4.** Daily assessment of SOFA score after study inclusion. + indicates *p*=0.048, \* indicates *p*=0.002, \# indicates *p*=0.001 comparing "inappropriate" with "appropriate" transfusion strategy **Additional file 5: Table S1.** Clinical and demographic characteristics in survivors and non-survivors. **Table S2.** Univariate and multivariate analysis with 90-day mortality as dependent variable in non-transfused patients. **Table S3.** Secondary outcomes in the two groups. **Table S4.** Univariate and multivariate analysis with 90-day mortality as dependent variable. Appropriate group was defined using an oxygen extraction ratio (O~2~ER)-based strategy.

ICU

:   Intensive care unit

RBC

:   Red blood cell

VO~2~

:   Oxygen consumption

AKI

:   Acute kidney injury

TRALI

:   Transfusion-related acute lung injury

TACO

:   Transfusion-associated circulatory overload

DO~2~

:   Oxygen delivery

Hb

:   Hemoglobin

SvO~2~

:   Mixed venous oxygen saturation

A-V O~2diff~

:   Arterial-venous oxygen difference
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:   Simplified Acute Physiology Score

SOFA

:   Sequential Organ Failure Assessment

SAGM
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CaO~2~

:   Arterial oxygen content

CcvO~2~

:   Central venous oxygen content

O~2~ER

:   Oxygen extraction ratio
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